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With the exception of the wing imaginal discs, the imaginal discs of Manduca sexta are not formed until early in the final larval instar. An
early step in the development of these late-forming imaginal discs from the imaginal primordia appears to be an irreversible commitment to form
pupal cuticle at the next molt. Similar to pupal commitment in other tissues at later stages, activation of broad expression is correlated with pupal
commitment in the adult eye primordia. Feeding is required during the final larval instar for activation of broad expression in the eye primordia,
and dietary sugar is the specific nutritional cue required. Dietary protein is also necessary during this time to initiate the proliferative program
and growth of the eye imaginal disc. Although the hemolymph titer of juvenile hormone normally decreases to low levels early in the final larval
instar, eye disc development begins even if the juvenile hormone titer is artificially maintained at high levels. Instead, creation of the late-
forming imaginal discs inManduca appears to be controlled by unidentified endocrine factors whose activation is regulated by the nutritional
state of the animal.
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In holometabolous insects, many adult-specific structures
are formed from cells that either are set aside early and
proliferate throughout most of larval life, e.g., the imaginal
discs of Drosophila (Cohen, 1993), or form from regions of
the larval epidermis during the final larval instar, e.g., the
imaginal primordia for the eye, leg, proboscis, and antenna of
Lepidoptera (Sehnal et al., 1996; Truman and Riddiford,
1999, 2002). In Lepidoptera, larval growth occurs during a
species-specific number of instars followed by metamorpho-
sis after attaining an appropriate size (Nijhout, 2003). The
final larval instar is determined by the body size at the outset
of the instar, but nutrient intake and further growth are
necessary during this instar in order for metamorphosis to0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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the imaginal primordia initiate proliferative programs to form
the adult structures (Miles and Booker, 1993; Monsma and
Booker, 1996; Kremen and Nijhout, 1998; Tanaka and
Truman, 2005; Allee et al., submitted for publication). Later,
the animal achieves a critical size, and the endocrine events
that lead to the cessation of feeding and overt metamorphosis
are set in motion.
Insect molting and metamorphosis are governed primarily
by two hormones, ecdysteroids that cause the molts and
juvenile hormone (JH) that prevents metamorphic molts
(Nijhout, 1994). In the final larval instar of the tobacco
hornworm,Manduca sexta, the JH titer declines to undetect-
able levels by the time the larva attains its critical size for
feeding to cease (Nijhout and Williams, 1974a,b; Fain and
Riddiford, 1975; Baker et al., 1987; Davidowitz et al., 2003)
(Fig. 1). A small surge of ecdysteroid in the absence of JH
causes the cessation of feeding, commitment of the general285 (2005) 285 – 297
Fig. 1. Hemolymph titers of JH and ecdysteroid during the fourth and fifth
larval instars, adapted from Riddiford (1994). Dashed line = JH titer in
larvae fed continuously. Double-dotted line = JH titer in larvae removed
from food at ecdysis to the fifth instar (Nijhout and Williams, 1974b;
Cymborowski et al., 1982).
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onset of wandering to find a pupation site (Riddiford, 1978;
Dominick and Truman, 1985). Later, a large ecdysteroid
surge in the presence of JH causes the pupal molt (Fig. 1). If a
JH mimic is given at the onset of the small surge of
ecdysteroid, the larva will molt to a larval–pupal intermedi-
ate showing a normal larval body with small pupal structures
formed by the imaginal primordia (Truman et al., 1974;
Hatakoshi et al., 1988), indicating that the primordia had
undergone pupal commitment prior to addition of the JH
mimic. When larvae are starved early in the instar for several
days then fed, many molt to supernumerary larvae showing
pupal cuticle at sites of the imaginal primordia and on the
wing discs (Nijhout and Williams, 1974b; Jones et al., 1980;
Cymborowski et al., 1982; Safranek and Williams, 1984).
Starvation immediately after ecdysis causes the JH titer to
remain high (Cymborowski et al., 1982) (Fig. 1).
Our recent study on the early formation of the eye
imaginal disc in Manduca showed that the adult eye
primordium detaches from the overlying cuticle about 20
hours (h) after ecdysis to the fifth instar, and about 4 h later,
the cells begin to proliferate and fold inward to form the
imaginal disc (Allee et al., submitted for publication). Long-
lasting JH mimics given prior to the molt to the fifth instar
had no effect on this development, suggesting that factors
other than the decline of JH in the early final instar are
responsible for the initiation of disc development. Here, we
show that feeding for a minimum of 9–12 h in the fifth
instar is necessary for the adult eye primordium to become
pupally committed and that commitment depends only on
intake of sugar during this period. By contrast, the later
onset of proliferative growth to form the disc occurs only
after feeding on a mixture of sugar and amino acids.
Importantly, the other imaginal primordia have a similar
dependence on nutrient intake, indicating that a specific
signal may be coordinating their responses to nutrition.INS-a1 CAGAGGTTCCTAGTCTTCACCA
INS-a2 GTCAGGGCCGGTAAGGCTGTAT
INS-a4: CACCCTGACAAGAAGGCCCACA
INS-a5: CCTAATGGCTGTAAATATGCCAATGMaterials and methods
Experimental animals and hormone treatments
Larvae of the tobacco hornworm, M. sexta (L.), were
reared in individual containers at 26-C under a 17L:7D
photoperiod on an artificial diet (gypsymoth wheat germ diet,MP Biomedicals, Aurora, OH) that included 100 mg
antibiotic/l (tetracycline or streptomycin). Larvae fed mini-
mal dietary nutrients were switched at ecdysis to the fifth
instar from the normal diet to a 3% non-nutritive agar block or
a 3% agar block supplemented with one or two of the
following as indicated, 7% sucrose or a 5.8% suspension of
either of two isolates of casein (#1 = #C5679, #2 = #C6554,
Sigma-Aldrich, St. Louis, MO) (Jones et al., 1981).
The ages of animals are referenced relative to larval
ecdyses either in hours or days (ecdysis is designated as
occurring on Day 0). Lights-off is designated as 00:00 AZT
(Arbitrary Zeitgeber Time, Pittendrigh, 1965).
Larvae were treated with the JH mimic pyriproxifen
(Valent USA Corporation, Walnut Creek, CA). Ten micro-
liters of carrier alone or carrier plus pyriproxifen (1 Ag
pyriproxifen/Al cyclohexane) was applied topically along
the dorsal midline of the thorax at the stage indicated.
Images were taken on a Leica GZ6 stereo zoom
microscope.
Analysis of broad expression by qRT-PCR
Total RNAwas isolated using the SV total RNA isolation
kit (Promega, Madison, WI) followed by cDNA synthesis
with SuperScript II reverse transcriptase (Invitrogen, Carls-
bad, CA) according to the manufacturer’s instructions using
an oligo d(T) primer and 3 Ag of RNA. Quantitative RT-
PCR (qRT-PCR) was done using the Brilliant SYBR Green
qPCR kit and MX4000 multiplex quantitative PCR system
(Stratagene, La Jolla, CA). qRT-PCR conditions were
optimized for each primer set, and the product confirmed
by DNA sequencing. Each histogram shown is the average
of nine samples (three independent experiments with each
cDNA sample amplified in triplicate). The insecticyanin
gene (ins-a) was used as the normalizer. The overall level of
insecticyanin remained fairly constant despite the loss of
insecticyanin mRNA from the cells of the eye primordium
by 24 h after ecdysis in normal fed larvae because isolated
tissue included flanking larval epidermal cells that maintain
high levels of insecticyanin expression (Allee et al.,
submitted for publication). The INS-a4 INS-a5 primer pair
was used to test for genomic DNA contamination, and no
genomic DNA was detected in any cDNA sample when
using the SV total RNA isolation kit.
insecticyanin, ins-a gene (Li and Riddiford, 1992)
ACCESSION: X64714:609 base pair product from cDNA template and 4410
base pair product from genomic DNA template.
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no product from cDNA template.
Broad cDNA Z2-isoform (Zhou et al., 1998) ACCES-
SION AF032674:Z2F CTATGCGGCAAAGTACTGT
Z2R CCCTGGCCTCGACTTGTGGTAG165 base pair product from cDNA template.
In situ hybridization
The procedure has been described (Allee et al., submitted
for publication). Briefly, pieces of the head capsule that
included the adult eye primordium were dissected, fixed 2 h
at room temperature with 3.7% formaldehyde in phosphate-
buffered saline at pH 7.0 (PBS; 130 mM NaCl, 7 mM
Na2HPO4, 3 mM NaH2PO4), and prepared for in situ
hybridization. Sense and antisense digoxigenin-labeled
RNA probes were prepared using digoxigenin RNA label-
ing mix (Roche, Indianapolis, IN) with T3 or T7 RNA
polymerase (Promega, Madison, WI) according to manu-
facturer’s recommendations. Following hybridization, the
RNA probes were detected by incubating the tissue over-
night in a 1:2000 dilution of anti-digoxigenin antibody
conjugated to alkaline phosphatase (Roche, Indianapolis,
IN) and then developed in PBT (PBS plus 0.1% Tween 20)
with 4.5 Al NBT/Al and 3.5 Al BCIP/ml (Roche, Indian-
apolis, IN). After the staining reaction was completed,
tissues were cleared and mounted in 95% glycerol plus 50
mM EGTA.
Immunocytochemistry
Tissues were isolated and fixed as above except fixation
was for 15–30 min. After blocking in 5% normal donkey
serum in PBS plus 1% Triton X-100 (PBS–1%TX) for 15–
30 min, the tissue was incubated with 1:3000 or 1:6000 anti-
Manduca Broad core antiserum (Zhou and Riddiford, 2001)
in PBS–1%TX over 3 nights then washed in PBS–1%TX
extensively before adding 1:500 Texas red-conjugated
donkey anti-rabbit antibody (Jackson Immunoresearch Lab,
Westgrove, PA). After an overnight incubation, the tissue was
rinsed extensively with PBS–1% TX followed by PBS then
mounted in Vectashield (Vector Laboratories, Burlingame,
CA) or dehydrated and mounted in DPX (Fluka, Bachs,
Switzerland). Imaging was done on a Bio-Rad MRC600
confocal laser scanning microscope, and the images were
processed with NIH Image and Adobe Photoshop.
Analysis of cell proliferation
Cells in S phase were identified by the incorporation of
5-bromodeoxyuridine (BrdU) (Sigma-Aldrich, St. Louis,
MO) followed by immunocytochemistry using an anti-BrdU
monoclonal antibody (Gratzner, 1982). Tissues were pulsedat room temperature 4 h in PBS with 15 Ag BrdU/ml. After
labeling, tissues were fixed overnight at 4-C with 3.7%
formaldehyde in PBS and then acid-treated to expose the
BrdU epitope as described (Champlin and Truman, 1998a).
Tissues were then incubated sequentially at 4-C in the
following with extensive washes in PBS–0.3% TX between
each step: 2% normal donkey serum overnight; a 1:200
dilution of anti-BrdU monoclonal antibody (Becton-Dick-
inson, San Jose, CA) for 24 h; a 1:1000 dilution of
horseradish-peroxidase (HRP)-conjugated donkey anti-
mouse antibody (Jackson Labs, West Grove, PA); followed
by enzymatic detection as described (Champlin and Tru-
man, 1998a). The tissues were dehydrated through an
ethanol series, cleared in xylene, and mounted in DPX
(Fluka, Buchs, Switzerland).
Cells in M phase were identified with an anti-phosphory-
lated histone H3 antibody (Hendzel et al., 1997). Tissues
were fixed and processed for immunocytochemistry as
above except fixation was for 1 h at room temperature, the
acid treatment was omitted, and a 1:4000 dilution of an anti-
phosphorylated histone H3 antibody (Upstate Biotechnol-
ogy, Lake Placid, NY) was used followed by a 1:1000
dilution of HRP-conjugated donkey anti-rabbit antibody
(Jackson Labs) and then further processed as above.
Imaging was done using a Leica DMLB fluorescence
compound microscope.Results
Effect of starvation on eye imaginal disc development
Under normal feeding conditions in the laboratory,
Manduca go through five larval instars prior to the pupal
stage. During the fifth instar, animals feed for 4 or 5 days then
wander to find a pupation site and pupate 4 days later (Fig. 1).
Under these conditions, the adult eye primordia begin to
proliferate about 24 h after ecdysis (Allee et al., submitted for
publication). As described above, when Manduca larvae are
starved early in the final instar and later refed, they often form
imperfect supernumerary larvae with small patches of pupal
cuticle near the larval stemmata (eyes) in the area of the adult
eye primordia (Nijhout and Williams, 1974b; Jones et al.,
1980; Cymborowski et al., 1982; Safranek and Williams,
1984), indicating that these cells become pupally committed
either before or during the experimental manipulations. To
determine the role of nutrient intake in this pupal commit-
ment, we starved fifth instar larvae at various times after
ecdysis for about 114 h and then returned them to food. All
larvae weighed 1.1 g or more at the time of ecdysis to ensure
that they had attained the critical size necessary for the final
instar (Nijhout, 1975a). During the starvation period, larvae
were kept hydrated either by adding drops of water to their
rearing cups or by providing a block of 3% non-nutritive agar,
and similar results were obtained for either treatment. Those
provided agar initially consumed it at a similar rate as animals
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in 48 h, respectively).
When larvae were removed from food at ecdysis to the
fifth instar then refed about 114 h later, two different
responses were seen. One class of animals (n = 57) wandered
and then underwent ecdysis to small pupae 4 days later
(average mass = 3.8 g versus 5.9 g for pupae from
continuously fed larvae). These animals went on to emerge
as apparently normal, albeit small, adults. The other class of
animals (n = 97) did not wander and instead underwent
ecdysis to supernumerary sixth instar larvae on the fifth to the
eighth day following the return to food. These animals
appeared generally to be normal larvae, and the head capsuleFig. 2. Effect of various feeding times at the outset of the fifth larval instar on th
allowed to feed for various lengths of time immediately following ecdysis to the
regimen. Sixth instar animals that had access to food at the beginning of the fift
respectively). Those fed for 9, 12, 18, or 24 h (C–F) had progressively larger pat
primordium (n = 17, n = 11, n = 14, n = 5, respectively). Arrows identify patche
pupal cuticle on the antennae, legs, and mouthparts, respectively. (G) High magnifi
of the two anterior-most larval stemmata at 19 h after ecdysis in a fed fifth inst
primordium that are the first to detach from the cuticle in continuously fed larvae.
pupae (n = 9). The image shows a portion of the developing adult eye in a freshl
margin of the developing eye that prematurely expressed adult photoreceptor pigme
position of the morphogenetic furrow, the anterior border of patterned ommatidial u
Am (A, F), 0.4 Am (B–E, H), 100 Am (G).in particular appeared to be completely larval (Fig. 2A). The
only difference we identified between these sixth instar
animals and fifth instar larvae was that the wing disc typically
(n = 69 of 80 discs examined) produced a brown, apparently
pupal, cuticle, but the disc did not evert and remained
internal. The animals advanced through the sixth instar and
molted to pupae that appeared normal except all lacked
everted wings. The absence of wing covering over the pupal
body led to desiccation and death, so no adults were
examined.
When freshly ecdysed fifth instar larvae were allowed to
feed for 6 h prior to the starvation/refeeding regimen, all of
the resulting supernumerary larvae appeared similar to thosee character of supernumerary sixth instar animals. Fifth instar larvae were
fifth larval instar and prior to being submitted to the starvation/refeeding
h instar for 0 h (A) or 6 h (B) had normal head capsules (n = 97 and 11,
ches of pupal cuticle near the larval stemmata in the region of the adult eye
s of pupal cuticle. (F) Red, blue, and white arrowheads identify patches of
cation confocal image showing propidium iodide stained nuclei in the region
ar larva. White arrow identifies one of the two areas within the adult eye
(H) Sixth instar animals as in panel (D) were allowed to feed and molted to
y ecdysed untanned pupa. Red arrows identify two regions at the posterior
nts (brown pigmented regions). For reference, black arrowheads identify the
nits. Anterior is to the right except frontal view in panel (F). Scale bars = 1.0
Fig. 3. Expression of insecticyanin mRNA in head capsule epidermis early
in the final larval instar by in situ hybridization using an insecticyanin
antisense RNA probe. (A) Cells throughout the larval head capsule
epidermis including the adult eye primordium maintained high levels of
expression at 40 h after ecdysis in unfed larvae (n = 20). (B) The adult eye
primordium shows reduced insecticyanin expression at 24 h after larvae
that had been starved as in panel (A) were returned to food (n = 4). The
region flanking the two anterior-most stemmata is shown. Anterior is to the
right. Scale bars = 50 Am.
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to feed for 9 h formed supernumerary larvae quite similar to
those allowed shorter periods of feeding except that they
had very small patches of brown cuticle at several
characteristic locations including two patches just anterior
to the larval stemmata in the region of the adult eye
primordium (Fig. 2C). These two patches of brown cuticle
were always in the same location: one anterior to the two
anterior-most stemmata and the other ventral and slightly
anterior to the ventral-most stemma. These two areas appear
to correspond to the first sites of detachment of the adult eye
primordium (e.g., Fig. 2G) as it begins forming the imaginal
eye disc at 20 h following ecdysis to the fifth instar (Allee
et al., submitted for publication).
Freshly ecdysed fifth instar larvae allowed to feed for
longer periods prior to the starvation/refeeding regimen
formed supernumerary larvae with progressively larger
patches of brown cuticle in the eye region (Figs. 2D–F).
Some or all of the crochets on the abdominal prolegs were
also missing, but overall, these animals still appeared much
like a normal larva. All the supernumerary larvae produced
from animals that had fed for 18 or 24 h had a broad crescent
of brown cuticle covering the entire region containing the
adult eye primordium. As the length of feeding time
increased, the frequency of animals molting to supernum-
erary larvae rather than pupae decreased. The longest feeding
period prior to starvation/refeeding that still resulted in
production of any supernumerary larvae was 24 h (starvation
began at 0, 6, 9, 12, 18, 24, 28, and 32 h after ecdysis
gave 97/154, 11/30, 17/42, 11/36, 14/45, 5/33, 0/39, and 0/27,
respectively, of supernumerary larvae/total animals molted).
Supernumerary larvae that had patches of brown cuticle
anterior to the stemmata also had patches of brown cuticle in
other characteristic locations (Fig. 2D) including areas
corresponding to the adult primordia for the antennae,
proboscis, and legs that have been described in Manduca
and other Lepidoptera (Svacha, 1992; Miles and Booker,
1993; Kremen and Nijhout, 1998; Tanaka and Truman,
2005). In each case, tiny patches of brown cuticle were first
observed in animals that had been fed for 9 or 12 h prior to
starvation/refeeding and were progressively larger and
distinctly pupal as feeding times increased. The uniformity
of responses by animals exposed to each of the feeding
periods we examined was striking. Without exception, all of
the supernumerary larvae produced following a given length
of initial feeding had the same mixture of larval and pupal
characteristics. The patches of pupal cuticle were always
similar in size and located in the same position relative to
larval structures. Thus, in feeding larvae, the early steps in the
creation and pupal commitment of all the late-forming
imaginal discs of Manduca are coordinated and occur at a
very consistent time relative to ecdysis to the final larval
instar.
Those supernumerary sixth instar larvae resulting from
the 18 or 24 h feeding periods died because they could not
eat effectively because formation of partially developedpupal mouthparts blocked the larval mouthparts. Those
resulting from the 9 and 12 h feeding periods were able to
feed as sixth instar larvae and often survived to form pupae
that were generally normal but lacked everted wings as well
as exhibiting other specific perturbations including within
the developing eyes. In these pupae, the eye imaginal discs
had everted and were full size. Furthermore, the posterior
approximately one-third of the eye was patterned into
ommatidia behind the morphogenetic furrow as seen in
normal pupae (Champlin and Truman, 1998b). However,
along the posterior margin of the pupal eye, there were two
small patches of ommatidia that showed precocious syn-
thesis of adult eye screening pigments (Fig. 2H). These
locations likely correspond to the positions of the two
patches of cells that had produced pupal cuticle in the
supernumerary larva (e.g., Fig. 2D). Thus, it appears that
these cells had become developmentally advanced one molt
relative to the rest of the adult eye primordium so that these
ommatidia underwent an adult molt when neighboring
ommatidia underwent a pupal molt.
Effect of starvation on insecticyanin expression in the adult
eye primordium
The expression of mRNA for insecticyanin, the larval
pigment protein that is present in the epidermis and gives
the larva its characteristic blue-green color, can be used as
an indicator of the larval epidermal program. In the
abdominal epidermis, insecticyanin mRNA is expressed
during the feeding period in the fifth instar then is down-
regulated during pupal commitment on Day 3 (Riddiford
et al., 1990). In the adult eye primordium of feeding
larvae, insecticyanin mRNA begins to be down-regulated
at 18 h after ecdysis to the fifth instar (Allee et al.,
submitted for publication). In contrast, when larvae were
starved for the first 40 h after ecdysis, insecticyanin
expression remained high (Fig. 3A). Larvae fed for 8 h
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40 h appeared to have down-regulated insecticyanin
expression in some areas within the eye primordium,
while those animals fed for just 17 h prior to starvation
showed normal down-regulation of insecticyanin mRNA
(not shown). Larvae that had been starved for the initial
40 h showed down-regulation of insecticyanin mRNA
within 24 h after being returned to food (Fig. 3B).
Regulation of broad expression in the adult eye primordium
by feeding
In Drosophila, the Broad transcription factors (BR;
formerly known as the Broad Complex or BR-C) appear
in the last larval instar and are necessary for pupation and
normal pupal development (reviewed by Bayer et al., 1996).
In Manduca larval abdominal epidermis and wing discs, the
activation of broad expression is one of the first molecular
signs of pupal commitment (Zhou and Riddiford, 2001;
Zhou et al., 1998). Expression of each of the isoforms of
broad identified in Manduca (br-Z2, -Z3, and -Z4) is first
detected by qRT-PCR in the adult eye primordium betweenFig. 4. The appearance of Broad proteins in the adult eye primordium during dev
Broad core antibody and confocal microscopy. All times are hours after ecdysis at
at 25- under a 12L:12D photoperiod. At 24 and 29 h after ecdysis, no specific Bro
nuclei of the head capsule epidermis and the smaller cells of the adult eye primord
at later times. By 42 h, the double-layer nature of the developing disc is obvious. A
many nuclei of the associated tracheae. * denotes the larval stemmata. Anterior i12 and 18 h after ecdysis to the fifth larval instar (Allee
et al., submitted for publication). The Broad proteins as
assessed immunocytochemically with the Broad core anti-
body (Zhou and Riddiford, 2001) appear between 29 and 37
h after ecdysis (Figs. 4B, C). The intensity of staining
increases with time to very high levels by 60 h (Fig. 4F).
When larvae were removed from food at ecdysis to the fifth
instar, no Broad was detected in the eye primordium at 60 h
after ecdysis (n = 5, data not shown).
The effect of starvation on activation of broad expression
in the adult eye primordium was examined in detail by
removing larvae from food at various times during the first
day of the fifth instar and then quantifying br-Z2 mRNA
levels by qRT-PCR at 24 h after ecdysis relative to larvae
fed throughout the 24 h period (Fig. 5A). Little or no
expression was detected at either 24 or 48 h in fifth instar
larvae that had not been fed. Similarly, no expression was
detected at 24 h in larvae that had been allowed to feed for
just 6 h. Those allowed to feed for 12 h showed low levels
of br-Z2 expression at 24 h, while those allowed to feed for
18 h had similar levels of br-Z2 at 24 h as those allowed to
feed for the entire period (Fig. 5A). Larvae fed for 24 h andelopment in the fifth instar as assessed by immunocytochemistry with the
26-C, 17L:7D except for the 60 h time point which is from an animal reared
ad staining is seen, although light background staining shows both the large
ium. Specific Broad staining has appeared by 37 h and increases in intensity
t 60 h after ecdysis, there is strong staining in the developing disc and also in
s to the right. Scale bars = 25 Am (A–E), 100 Am (F).
Fig. 5. Regulation of broad expression in head capsule epidermis
containing the adult eye primordium by feeding. (A) Effect of access to
food on the activation of broad expression. Freshly ecdysed fifth instar
larvae were allowed to feed for 0, 6, 9, 12, or 18 h before being
removed from food. Pieces of the head capsule that included the adult
eye primordium were dissected as indicated at 24 or 48 h after ecdysis.
Total RNA was isolated, reverse-transcribed, and br-Z2 expression
quantified by qRT-PCR relative to animals that had access to food for
the entire 24 h. Levels measured were normalized to insecticyanin
expression. The expression level at 24 h after ecdysis was set to ‘‘100,’’
and levels at other time points scored relative to it. The JH mimic, 10
Ag pyriproxifen, was topically applied 6 h after ecdysis to the fifth larval
instar. (B) Effect of short-term starvation and refeeding on the activation
of broad expression. Freshly ecdysed fifth instar larvae were starved for
24–36 h and then returned to food and br-Z2 expression assayed 6, 12,
or 24 h later as described for panel (A). In this case, 10 Ag pyriproxifen
was applied at the end of the starvation period. For both panels (A) and
(B), each mean shown is the average of nine sample points: three
independent samples (5–10 eye tissues pooled per sample), and each
measured in triplicate. Errors bars = SD.
Fig. 6. Effect of different nutrients on the activation of broad expression in
tissues containing the adult eye primordium. Freshly ecdysed fifth instar
larvae were switched to 3% agar blocks that had no nutrients or that
contained 7% sucrose or 5.8% casein (either of two types, see Materials and
methods). At 24 h after ecdysis, pieces of the head capsule that included the
adult eye primordium were dissected, total RNA isolated, reverse-tran-
scribed, and br-Z2 expression quantified by qRT-PCR relative to animals
that had been maintained on the normal diet. Levels measured were
normalized to insecticyanin expression. Each mean shown is the average of
nine sample points: three independent samples (5–10 eye tissues pooled
per sample), and each measured in triplicate. Errors bars = SD.
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broad when assayed 24 h later.
To produce supernumerary larvae by starvation, larvae
must be removed from food for extended periods. In
contrast, larvae starved for up to 4 days at the beginning
of the fifth instar before being returned to food always
recover and molt to normal pupae with a delay roughly
comparable to the length of the starvation period. Since br-
Z2 expression failed to occur in starved larvae, we asked
how quickly expression was activated in animals returned to
food following a short period of starvation at the beginning
of the fifth instar. The time course of broad activation
appeared similar relative to the onset of feeding whether
larvae were allowed to feed from the outset of the instar or
were first starved for 24–36 h (Fig. 5B).The hemolymph JH titer normally falls to very low
levels early in the final larval instar; but in larvae removed
from food, the JH titer actually rises rather than declines
(see Fig. 1) (Nijhout, 1975b; Cymborowski et al., 1982).
To determine if JH affects the activation of broad
expression, larvae were treated with 10 Ag of the JH
mimic, pyriproxifen, 6 h after ecdysis to keep the levels of
JH artificially high in fed larvae. This dose prevented the
onset of wandering, and the larvae eventually died without
molting. When the same dose was given early on Day 3
just before pupal commitment of the epidermis, the larvae
molted to supernumerary larvae with pupal patches at sites
of the imaginal primordia and on the wing discs as
previously described (Truman et al., 1974; Hatakoshi et al.,
1988). The pyriproxifen-treated larvae had similar levels of
broad expression in the adult eye primordium at 24 h after
ecdysis as untreated larvae (Fig. 5A) and showed high
levels of Broad protein similar to that in cyclohexane-
treated controls at 60 h after ecdysis (n = 2; data not
shown). When larvae were treated earlier, prior to the
onset of the molt to the fifth instar, broad expression also
activated normally (Allee et al., submitted for publication),
but there was a slight decrease in Broad protein accumu-
lation at 60 h in 5 of the 8 treated animals as compared to
the 4 cyclohexane-treated controls (data not shown).
Larvae starved for 24 h and then treated with pyriproxifen
at the time of refeeding also activated broad expression
similar to untreated larvae when assayed 24 h after
treatment (Fig. 5B).
To assess the nutritional requirements for activation of
broad expression in the adult eye primordium, we switched
larvae at the time of ecdysis to the fifth instar from a normal
diet to a non-nutritive block of 3% agar, supplemented with
either sucrose or casein (Jones et al., 1981). In each case,
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maintained continuously on the normal diet (mean = 4.5,
3.6, and 4.9 g eaten in 48 h for sucrose, casein, and normal
diets, respectively). By 24 h after ecdysis, larvae fed agar
alone or with casein protein had failed to activate expression
of br-Z2, while those fed sucrose had similar levels of br-Z2
expression as animals maintained on the normal diet (Fig. 6).
Consistent with this finding, larvae fed for 18 h on sucrose
and then submitted to the starvation/refeeding regimen
molted to supernumerary sixth instar larvae that had patches
of pupal cuticle in areas corresponding to the imaginal
primordia for the eyes, antennae, proboscis, and legs, while
those fed for 18 h on casein showed no evidence of pupal
cuticle on the imaginal primordia (n = 7 and 11, respectively,
not shown).
The effect of feeding on the onset of proliferation to form the
imaginal eye disc
Normally, cells in the adult eye primordium begin to
proliferate to produce the eye imaginal disc about 24 h after
ecdysis to the fifth larval stage, while the surrounding larval
epidermal cells remain quiescent (Allee et al., submitted for
publication). Proliferation quickly rises to high levels as the
disc begins to fold inward and grow at a rapid rate. In fifthFig. 7. Effect of different nutrients on the onset of cell proliferation that will cr
ecdysis, one side of the head capsule was pulsed with BrdU for 4 h in vitro
small, brown dots. (Note: The large dark areas within each larval stemma are
period, no BrdU-labeled cells are seen within the adult eye primordium, but s
levels of BrdU-labeled cells are present within the adult eye primordium in lar
food and assayed for cell proliferation 40 h after being returned to food. (C) La
food until assay for cell proliferation at 40 h had either no BrdU-labeled cells
primordium. (D, E) No BrdU-labeled cells were detected in the adult eye pr
switched at ecdysis from the normal diet to a 3% agar block containing 7% su
two nutrients showed relatively high levels of BrdU-labeled cells at 40 h after
stemmata is shown. n = 5 minimum for each panel. The anterior is to the riginstar larvae starved with or without a non-nutritive agar
block, no proliferation in the adult eye primordium, as
assessed by BrdU incorporation by cells in S phase, was
observed at 40 h after ecdysis to the fifth instar, although
some BrdU incorporation was observed elsewhere in these
larvae, for example, in the trachea (Fig. 7A). In contrast,
larvae starved for 24 h and then returned to food exhibited
high rates of BrdU incorporation within the adult eye
primordium when examined 40 h after being returned to
food (Fig. 7B). Larvae fed for 10 h and then starved had cell
proliferation at 40 h that was limited to two small areas
within the primordium (Fig. 7C). These locations were in
the same positions relative to the larval stemmata as the
patches of pupal cuticle observed in supernumerary larvae
(see Fig. 2D). A similar pattern of cell proliferation was seen
when mitotic cells were identified using the phosphohistone
H3 antibody (not shown).
Although sucrose alone was a sufficient nutrient in the
fifth instar to activate broad expression (Fig. 6), no
proliferation in the adult eye primordium was detected at
40 h in larvae that had been fed just sucrose (Fig. 7D).
Larvae fed only casein during the fifth instar also had no
proliferation in this region at 40 h (Fig. 7E). In striking
contrast, fifth instar larvae fed a mixture of sucrose plus
casein had high levels of cell proliferation at 40 h (Fig. 7F)eate the imaginal eye disc during the final larval instar. Forty hours after
and then processed for BrdU immunostaining. Labeled cells are seen as
the larval photoreceptor pigments.) (A) In larvae not fed during the 40-h
cattered BrdU-labeled cells were typically seen in the trachea. (B) High
vae that had been starved for 40 h as in panel (A) and then returned to
rvae fed for 10 h after ecdysis to the fifth instar and then removed from
or patches of BrdU-labeled cells in the region containing the adult eye
imordium when assayed at 40 h after ecdysis in larvae that had been
crose (D) or 5.8% casein (E). However, larvae fed a combination of the
ecdysis to the fifth instar (F). The region flanking the two anterior-most
ht. Scale bar = 100 Am.
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normal diet.Discussion
The adult eye primordium of Manduca becomes pupally
committed late on the first day of the final fifth larval instar
and begins to proliferate to form the eye imaginal disc soon
thereafter (Allee et al., submitted for publication). The
studies reported here show that both pupal commitment and
cell proliferation are dependent on nutrient intake during the
final instar. Surprisingly, pupal commitment (based on
broad expression) depends only on dietary sugar, whereas
cell proliferation depends both on sugar and amino acids.
Pupal commitment had the same nutrient requirements and
occurred at a similar time in the imaginal primordia for the
eyes, antennae, mouthparts, and legs. As with nutrient-
dependent growth in other animals, it is unlikely these cells
respond directly to the dietary nutrient but rather the
nutritional state is probably communicated throughout the
body by endocrine cues (Conlon and Raff, 1999; Nijhout,
2003; Stern, 2003). The coordinate and strikingly uniform
responses that occur when larvae are removed from food
after different lengths of time further suggest that these
events are under endocrine control. This control is different
from that of pupal commitment of the general body
epidermis that occurs later since artificially maintaining
high levels of JH cannot prevent pupal commitment of the
adult eye primordium in feeding larvae (Allee et al.,
submitted for publication; this study).
The developmental trajectory of the imaginal primordia
is quite similar to rest of the larval epidermis until the start
of the final larval instar. Following production of the final
larval cuticle, the imaginal discs must be formed and then
grow rapidly to achieve their final size before they differ-
entiate to produce pupal cuticle (Ohtaki et al., 1986; Miles
and Booker, 1993; Monsma and Booker, 1996; Champlin
and Truman, 1998b; Kremen and Nijhout, 1998; Tanaka and
Truman, 2005). In the case of the adult eye primordium of
Manduca, induction of broad and the down-regulation of
the larval epidermal program, as indicated by the loss of
insecticyanin expression, occurs about 18 h after ecdysis
followed by detachment from the cuticle and the onset of
proliferation a few hours later to create the inverted imaginal
eye disc (Allee et al., submitted for publication). Pupal
commitment occurs first at two sites within the primordium
and then spreads to all the cells as indicated by pupal cuticle
formation in the supernumerary larvae formed from the
variously starved and refed larvae. The appearance of Broad
protein coincides well with the onset of cell division (Allee
et al., submitted for publication).
In contrast with events occurring in the epidermal cells of
the imaginal primordia, the general body epidermis con-
tinues to produce larval cuticle proteins during the first half
of the last larval instar to increase the thickness of thesupporting cuticular exoskeleton and insecticyanin for
camouflage as the larva grows about 10-fold in mass and
4-fold in surface area (Wolfgang and Riddiford, 1981, 1987;
Riddiford et al., 1990). Its pupal commitment then occurs in
response to the ecdysteroid that causes the onset of the
wandering behavior and the end of larval feeding in the
absence of JH (Riddiford, 1978; Dominick and Truman,
1985). In Drosophila, the Broad transcription factors appear
in various tissues during the final larval instar and are
necessary for pupation and prepupal development including
pupal cuticle formation (reviewed by Bayer et al., 1996;
Zhou and Riddiford, 2002). In the abdominal epidermis of
Manduca, Broad expression is induced in a sequential
pattern within areas of the segment that is correlated with
the loss of sensitivity to JH at the time of pupal commit-
ment, and its induction requires exposure to 20-hydrox-
yecdysone (20E) in the absence of JH (Truman et al., 1974;
Zhou and Riddiford, 2001; Zhou et al., 1998). These
epidermal cells do not divide until just before pupal
differentiation when exposed to the prepupal surge of
ecdysteroid (Kato et al., 1987).
The wing imaginal discs appeared to be pupally
committed at the outset of the fifth instar because they
formed pupal cuticle in the supernumerary larval molt
induced by immediate starvation followed by refeeding. Yet,
at ecdysis, Manduca wing discs are not irreversibly pupally
committed because they do not yet show broad expression,
and they do not form pupal cuticle when implanted into a
fourth instar and subjected to the endocrine titers of the
host’s larval molt (Zhou et al., 1998). Both indicators of
pupal commitment appear by 18 h after ecdysis, then rapidly
spread in the wing disc during the next day as indicated by
the increased amount of pupal cuticle formed in the
implantation assay. This timing of the onset of irreversible
commitment coincides with the onset of commitment in the
imaginal primordia seen in the current study. In the silk-
worm Bombyx mori, the wing discs initiate pupal commit-
ment during the molt to the final fifth instar just after the
molting surge of ecdysteroid and the onset of head capsule
slippage by becoming dependent on 20E to drive the cell
cycle and losing their sensitivity to JH. That commitment,
however, does not become irreversible until about 12 h after
ecdysis as indicated by their ability to form pupal cuticle
during a larval molt (Obara et al., 2002; Koyama et al.,
2004a,b). Similarly, the pupal nature of the wing discs in our
starved and refed animals may reflect a plastic state of
commitment at the time of ecdysis that then becomes
irreversible during the period of refeeding.
In addition to the events that occur in the imaginal
primordia and wing disc, a variety of switches occur early in
the final larval instar in other tissues. The hemolymph JH
titer falls due to a decrease in JH synthesis and an increase
in JH esterase (Bhaskaran et al., 1980; Sparks et al., 1983;
Baker et al., 1987; Browder et al., 2001). Release of
prothoracicotropic hormone (PTTH) that stimulates ecdys-
teroid production and secretion (Rountree and Bollenbacher,
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gland (Watson and Bollenbacher, 1988) become sensitive to
JH. Induction of the gene moling occurs in the epidermis
(Du et al., 2003). The segmental Verson’s gland and the
crochet epidermis of the abdominal prolegs undergo pupal
commitment (Fain and Riddiford, 1977; Horwath and
Riddiford, 1991). Each of these fails to occur in larvae
removed from food at the outset of the final instar (Nijhout,
1975b; Cymborowski et al., 1982; Bhaskaran and Jones,
1980; Du et al., 2003; Ismail et al., 2000), suggesting the
regulatory mechanisms governing the development of the
late-forming imaginal discs may coordinate the initiation of
metamorphosis in several tissues.
Attainment of the critical size threshold necessary to
initiate metamorphosis may be assessed by the larva during
the molt as soon as it ceases feeding as signaled by head
capsule slippage since this is the time that Bombyx wing
discs initiate commitment (Koyama et al., 2004a,b).
Although metamorphic processes may be initiated, most
are held in check until the animal feeds in the final instar.
Our studies show that initial feeding on sucrose alone is
sufficient for activation of broad expression in the adult eye
primordium and its subsequent production of pupal cuticle
in a supernumerary larval molt. Similar feeding on casein as
a source of amino acids did not have this effect. When
Manduca larvae ecdyse to the fifth instar, the trehalose (the
normal blood sugar in insects) level in the hemolymph is
low but rapidly rises when fed on normal diet (Dahlman,
1973; Jones et al., 1981). Trehalose levels also rise when
larvae are fed on sucrose but not when fed on sugar-free diet
(normal diet minus sucrose) (Jones et al., 1981). Impor-
tantly, when these larvae were returned to normal diet, those
fed sucrose went on to form normal pupae, whereas those
fed sugar-free diet or casein only formed supernumerary
larvae. In starved animals, the JH titer remains high instead
of declining as in normally fed animals (Nijhout, 1975b;
Cymborowski et al., 1982), and the corpora allata, which
produce JH, are necessary for the first 2 days after refeeding
for a supernumerary molt (Bhaskaran and Jones, 1980).
Thus, adequate sugar intake also seems to be the cue for the
inactivation of the corpora allata that normally occurs in the
early fifth instar.
The decline of JH appears not to be necessary for the
onset of pupal commitment of the adult eye primordium in
feeding larvae since doses of JH mimics given either before
the onset of the molt to the final instar or shortly after
ecdysis did not prevent the activation of broad expression at
its normal time (Allee et al., submitted for publication; this
study). Removal of the corpora allata from a feeding
penultimate instar larva causes precocious metamorphosis
that can be blocked by application of the JH mimic
methoprene at the time of allatectomy (Kiguchi and
Riddiford, 1978). Thus, JH acts to repress the initiation of
metamorphosis in immature larval instars. It may be that
feeding during the last larval instar may somehow render the
primordia insensitive to the suppressive action of JH.Indeed, in Bombyx, the attainment of the critical size
threshold during the molt is followed by a loss of JH
sensitivity in the wing discs (Koyama et al., 2004a,b). The
JH metabolite, JH acid, increases in the hemolymph as the
JH titer declines (Baker et al., 1987) and was reported to be
necessary together with low ecdysteroid for the pupal
commitment of the Verson’s glands and the crochet
epidermis in isolated abdomens (Ismail et al., 2000). But,
since these experiments were done using animals after 12 h
of feeding, it is likely that the nutrient-related signal for
commitment occurred before abdominal isolation. The
timing of the onset of moling expression in the epidermis
is unchanged in animals allatectomized early during the
final larval molt (Du et al., 2003), indicating that neither the
fall of JH nor JH acid is a signal for this induction.
Although ecdysteroid is responsible for induction of
broad expression and pupal commitment in the abdominal
epidermis, hemolymph ecdysteroid levels are very low early
in the final larval instar and ecdysteroid may play a less
significant role in early events in the imaginal primordia.
The effect of ecdysteroid has not been examined yet in
cultured imaginal primordia. In cultured wing discs from
Bombyx, 20E is not necessary for the irreversible pupal
commitment in the fifth instar; however, low levels
accelerated this commitment (Obara et al., 2002). Manduca
wing discs respond similarly (H. Yoshida and LMR,
unpublished). In contrast, mitosis in early fifth instar
Bombyx wing discs required exposure to low 20E (Koyama
et al., 2004b), and maintenance of proliferative growth of
cultured wing discs of the last instar larva of the butterfly,
Precis coenia, required both bombyxin (an insulin-like
peptide) and low levels of 20E (Nijhout and Grunert, 2002).
A combination of dietary sugar and protein in the final
larval instar of Manduca is necessary for the onset of
proliferative growth to form the eye imaginal disc. The role
of nutrients in regulating proliferation in imaginal discs has
been examined recently in other insects. One possible sugar-
related signal is the family of insulin-like growth factors
(ILGFs). In Drosophila, the insulin-like peptides (dilps) are
encoded by 7 genes, 3 of which are expressed by the medial
neurosecretory cells of the brain (Ikeya et al., 2002;
Rulifson et al., 2002). Two of these three (dilp 3 and dilp
5) are dependent on nutrient intake so that starvation causes
the down-regulation of their mRNA, and sugar feeding
restores it (Ikeya et al., 2002; Colombani et al., 2003). These
dilps regulate both the trehalose levels in the hemolymph
and growth of the larva through the insulin signaling
pathway such that their loss results in higher hemolymph
sugar levels and decreased growth (Ikeya et al., 2002;
Rulifson et al., 2002). In Bombyx larvae, bombyxin (the
Bombyx ilp) is present in the hemolymph in feeding larvae
but decreases rapidly to a low basal level upon starvation
due to lack of release from the medial neurosecretory cells
(Masumura et al., 2000). Feeding or injection of glucose
caused bombyxin release and restoration to normal levels
after a period of time dependent on the time of starvation.
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embryogenesis (Cohen, 1993) then remain quiescent until
after the first instar larva begins feeding (Britton and Edgar,
1998). Resumption of imaginal disc proliferation depends
on feeding on amino acids, not on sugar, and is mediated by
the fat body that activates the insulin signaling pathway for
growth (Britton and Edgar, 1998; Britton et al., 2002). In
normally fed larvae, the fat body and the medial neuro-
secretory cells produce the ortholog of the acid-labile
subunit (ALS) in mammals, a glycoprotein that serves as
a cofactor to stabilize circulating insulin growth factor 1
(Colombani et al., 2003). When Drosophila are starved or
fed only on sucrose, little ALS mRNA was found in either
fat body or the medial neurosecretory cells. Thus, this
cofactor may maintain the dilps at sufficient levels to initiate
imaginal disc proliferation when amino acid levels are high.
These results from other insects suggest that the cues
provided by sugar and amino acids in the final larval instar
of Manduca may be communicated to the imaginal
primordia by an insulin-like peptide released in response
to sugar and maintained in the hemolymph by a factor from
the fat body such as ALS whose production and release are
regulated by dietary amino acids.
It is puzzling that pupal commitment is an early event
in the creation of the imaginal discs of Manduca because
it irreversibly commits the larva to metamorphosis prior
to attaining the second size threshold needed for proper
metamorphic development. As a result, it is possible to
create a dietary scenario that is lethal in the laboratory,
and it seems that animals in the wild might rarely
experience the same trouble. Pupal commitment of cells
that form the imaginal discs also occurs considerably
earlier than pupal commitment of the bulk of the larva in
the butterfly, P. coenia (Kremen and Nijhout, 1998), and
the silk moth, B. mori (Ohtaki et al., 1986). However,
details of the timing of events may differ in other insects.
In the beetle Zophobus atratus, crowding reduces growth
rates and may be the equivalent of starvation. The
imaginal wing disc is a late-forming disc in Coleoptera,
and early proliferative growth of the disc begins in the
presumptive final instar prior to pupal commitment
(Quennedey and Quennedey, 1999). When switched to
crowded conditions, Zophobus larvae appear capable of
reversing early wing development and can molt to healthy
supernumerary larvae (Quennedey and Quennedey, 1999).
Further elucidation of the molecular players that govern
the earliest events in metamorphosis will be significant in
resolving many exciting and unanswered questions
regarding our understanding of insect metamorphosis.Acknowledgments
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